De termining the refra ctive· index structure associated with the scattering of elec tromagneti c waves by th e troposphere is a proble m of considerable inte rest. This pape r e mphasizes the fa ct that the refrac tive·index profile cannot be infe rred from scattering mea sure me nts at on ly one wave le ngth a nd one sca tte ring angle. Such measurements de te rmin e only the s pati al Fourier s pectrum of th e refra ctive ind ex, a t a partic ular wave numbe r de te rmined by th e wavele ngth and the scatte ring a ngle. This point is illu strated by a set of hypothetical refra ctive· index profil es that cannot be di stin gui s hed by meas ureme nt s at one wavelength and one scatteri ng an gle. Met hods of obtaining furth e r information about th e atmos pheri c refractive·index stru cture are revi e wed bri efly . Th e s ugges tion is made that meas urin g the cross secti ons of radar angels as a fun ction of the pulse lengt h would provide useful information.
Introduction
The occurrence of electromagnetic scattering from regions of the troposphere that appear visually to be devoid of scattering objects is well es tablished. Examples of this phenomenon include over-the-horizon propagation by tropospheric scattering [IRE, 1955] and the anomalous radar ec hoes known as "angels" [Battan, 1959] . The origin of the scattered signal in suc h cases is believed to be related to the variations of the atmospheric refractive index in the scattering volume. Consequently, there is muc h interest in determining the specific refractiv.e-index structure associated with the observed scattering and to improve the design of tropospheric-scatter communication systems as well as to increase knowledge of the microstructure of the atmosphere.
The purpose of this paper is to designate the kind of information about the refractive-index structure of the troposphere that can be inferred from observations of electromagnetic scattering. In section 2, it will be shown that measurement of the scattered intensity at a given electromagnetic wavele ngth and scattering angle does not provide sufficient information to determine the refractive-index profile. Subsequent sections will discuss additional means of investigation that can be used to obtain a more comprehensive description of the atmospheric refractive-index structure.
In early analytical work on radio-wave scattering by the troposphere [Friend, 1949] , various forms were assumed for the spatial variation of refractive index. l1eflection coefficients were then determined from the solutions to the wave equation for the assumed refractive-index profile. A different procedure was followed by Booker and Gordon [1950] , who expressed the refractive-index structure in terms of the spatial correlation function of the refractive-index fluctuations. For present purposes, however, the refractive index will be represented in terms of its spatial Fourier spectrum, following Megaw [1950] . Thus, let <I>(k) be the Fourier "power" spectrum of the refractiveindex variations n(x) along the direction bisecting the angle between the incident and scattered directions, as shown in figure 1. Then the scattered intensity Is is proportional to the value of <I> at a wave number k determined by the wavelength of the incident signal and the scattering angle. Specifically [Wheelon, 1959; Tatarski, 1961] ,
where 8 is the scattering angle, defined in the usual way, and A is the wavelength of the incident electromagnetic signal. (2)
SCATTERING DIRECTION
This case pertains to observations of radar angels; the "power" spectrum is that measured along the line-of-sight of the radar. The scattered intensity is proportional to the value of <I> at the wave number k = 47T/A corresponding to a wavelength equal to onehalf the radar wavelength.
On the basis of (1), the occurrence of electromagnetic scattering from a region of the troposphere that appears visually to be devoid of scatterers indicates that the value of <I> at the wave number k = 47T sin(8/2)/A is appreciable in that region. However, the measurement of <I> at a particular wave number does not give sufficient information to deduce the ·refracti·ve-index structure of the atmosphere. From measurements at a single wave number, one cannot distinguish among steep gradients, Benard cells, turbulent regions, or other models that may be suggested to account for the observed scattering. There are an infinite number of possible refractive-index profiles that are all equally capable of accounting for the observed scattered intensity. Consequently, additional information will be necessary if a satisfactory description of the refractive-index profile is to be obtained.
The four hypothetical one-dimensional refractiveindex profiles shown in figure 2 illustrate the points made above. Accompanying each profile is the corresponding Fourier "power" spectrum. Measurements at a single wave number (such as kl in fig. 2) could not determine which of these four profiles (or the infinity of additional possibilities) actually represents the atmospheric refractive-index profile.
There are several points of interest in connection with the profiles depicted in figure 2. Profile (a) represents a single sharp discontinuity in the refractive index. Of course such a discontinuity is not likely to exist in the atmosphere. However, a change in the refractive index occurring over a distance small compared to the wavelength can be described approximately by such a discontinuity. In any case, the step profile is often a useful model for estimating the orderof-magnitude of variations in refractive index required to account for the observed scattering. Profile (b) represents a steep gradient of refractive index. Such a profile has been suggested to account for observed radar angels [Hay and Reid, 1962] . When the spatial extent L of the gradient is comparable to A/4, the " power" spectrum <I>(47T/A) of this profile has a large value. Thus, if strong scattering is to occur, the extent of any such steep gradient must be of the order of one-quarter of the wavelength. Profile (ci) represents a refractive-index profile WIll-fprising "white noise," i.e., a completely random varia-I tion of refractive index with distance. There is no reason to believe such a profile would ever exist in the atmosphere. However, the point of the present argument is that, considering only observations of scattering at a single wavelength and scattering angle, it is not possible to reject such a profile in favor of any of the others.
These one-dimensional profiles give an oversimplified picture of the refractive-index structure of the atmosphere. Actually, the refractive index is a function of all three space coordinates, and the scattering properties of a volume of the atmosphere depend on its three-dimensional power spectrum. Nevertheless, the one-dimensional profiles illustrate the fact that only a small a mount of information is obtainable from measure me nts at a single wavelength and scattering angle; th e same limitations hold in the three-dimensional case.
Methods of Obtaining Additional Information About the Refractive-Index Profile
Observations of electromagnetic scattering at a single wavele ngth and scattering angle have been shown to be ins ufficient to define the refractive-index profile in the volume of the troposphere from which the scatteri ng arises. Consequently, additional information must be obtained if further knowledge of the refractive-in dex structure is desired. There are four poss ible avenues of approac h to the further quantitative study of the atmospheric refractive index:
(1) development of theore ti cal or se mie mpirical models of the refra ctiv e-ind ex struc ture, (2) direc t investigation of thi s structure using refractometers or similar instrume nts and the indirect investigation of the refractiv e index by scatteri ng ex periments using (3) additional wavelengths or (4) other scattering angles. A recent paper by Saxton e t al., [1964] has discussed these various approaches; only a brief co mme ntary on each approach will be given here.
Development of Theoretical Models
Th e development of a satisfactory th eoreti cal model of the refractive-index struc ture of the troposphere would establish the ge neral form of the "power" spectrum <I>(k) ; the numerical values of <I> under the existing conditions co uld then be determined by measure me nts at one wave number. This approach is exemplifie d by the mixing-i n -gradie nt theory developed by Tatarski I [1961] , by th e Benard-cell model, and by the various layer models that have been proposed. The experimental evide nce thus far available indi cates that no ""' one of the models that have been devised is universally applicabl e .
Direct Investigation by Refractometers
The refractive-index structure of the troposphere can be studi ed direc tly by means of refractometers. A number of suitable refrac tometers have been developed; among the more s uccessful instruments are the Hay refractome ter [Hay et al., 1961] and the Vetter refractometer [Thompso n and Vetter, 1958] developed at the National Bureau of Standard s. Th ese devices are quite useful for many purposes, but their value in the study of microwave scattering is limited. For example, radar angels are associated with refractiveindex variations having a s patial wavelength equal to one-half the radar wavelength. Consequently, the spatial resolution of the refractometer must also b e one-half the radar wavelength or less if the region of the "power" spectrum associated with angels is to b e studied.
The resolution of prese nt refractometers falls con· siderably short of this goal; the problems of refractome te r design are s uc h that a resolution of a few centime ters will be extremely difficult to attain. Perhaps a judicious co mbination of refractometer measurements, down to the resolution limit of the instrument, with extrapolation to s horte r wavelengths (higher wave numbers), based on a theoretical model of the refractive-index spectrum, would yield useful results. Such an approach was suggested by Bolgiano [1958] , but to the author's knowledge it has not yet been tried.
Indirect Investigation Using Additional Wavelength s
By making scattering meas ure me nts at addi tional wavelengths, the "power" spectrum <I>(k) can be measured at additional wave numbers. This tec hnique has been adopted by Bolgiano [1963] , who employs a bi s tati c radar sys te m. He uses three wavelengths, and therefore obtains measurements of the Fourier spectrum of the refractive-index profile a t three wave numbers. In addition, by means of a beam-swinging tec hnique, he is able to investigate the anisotropy of the refractive-index structure of the troposphere. Bolgiano's experi ments have shown that the Tatarski theory of the atmospheric refractive-index s tru cture does not agree consistently with the observed wavelength depe nde nce of the scattering cross section. In fact, the variability exhibited by Bolgiano's data indicates that any effort to devise an acc urate theoretical model of the atmospheric refrac tive-index s tructure will be faced with formidable difficulties. The multiwavelength me thod of investigation is very appealing in principle. However, the number of wavelengths needed to obtain an adequate knowledge of the Fourier spectrum of the refractive index is so large as to be prohibitive for prac tical purposes.
Indirect Investigation Using Other Scattering Angles
Since the wave number k governing the scatterin g properties of the troposphere d e pends on the scattering angle , <I>(k) can also be measured at additional wave numbers by varying the scattering angle. This approac h is convenient in laboratory studies of op ti cal scattering by large molecules in solution, and th e lik e. However, the experimental diffic ulties in s tudyin g the scattering prope rties of the atmos phere as a fun ction of scattering angle would be formid able.
Suggested Radar Backscattering Experiment Using a Single Wavelength
The refractive-ind ex profiles represented in figure 2 are of two differe nt types. Profiles (a) and (b) represent refractive-index variations that could be described as "local," sin ce their spatial ex te nt (in the x-direction, at least) is of the order of the wavelength or less. On the other hand, profiles (c) and (d) represent more ex-tensive spatial variations of the refractive index. Profiles of the " local " type hav e r eceived the mo st attention in recent di scussions of radar angels [Hay and Reid, 1962] . Howe ver, the available evidence does not eli minate the possibility of the existe nce of "extensive" profiles similar to (c) or (d) in figure 2.
Evidence favo ring one or the other type of profile ("local" or "exte nsive") can be obtained by measuring the radar cross sections of angels as a function of the radar pulse length. The cross section arising from a profile of the " local" type (whose spatial extent is of the order of the radar wavelength) would be independe nt of the pulse length _ In contrast, the cross section arising from an "extensive" type of profile would decrease if the pulse length is decreased, because the volume contributing to the echo decreases with pulse le ngth. Therefore, a study of the cross section s of angels as a function of the radar pulse length should dis tinguish between the two types of refractive-index profile. Experimental evidence that clearly es tablis hes the existe nce of one or the other type of profile would be very useful in future investigations of electromagne tic scattering by the tropospher e.
Th e practical diffic ulties that would be encountered in making measurements at various pulse length s are considerable. The receiver bandwidth would have to be varied to correspond to the spec trum of the transmitted pulse_ The minimum de tectable signal would increase with the bandwidth, because of increased receiver noi se. It would be difficult to make sufficiently accurate measure ments of comparative echo inte nsity over a range of pulse le ngths. Nevertheless, in considering experimental studies of the scattering prope rties of the atmosphere, the possibility of s uch measure ments should not be overlooked_
Conclusions
(1) Observations of electromagnetic scattering at a single wavelength and scattering angle provide limited information about the refractive-index s tructure of the troposphere. In particular, it is impossible to infer the refractive-index profile from such observations.
(2) Additional information can be obtained by means of theore tical studies, direct experime ntal investigation with refractometers, or indirect scattering experiments using additional wavelengths or other scattering iiiiglcs . E:!c h cf these £!ppr()<:l(' hp,; has limitations. and neither separately nor taken together do they provide at present the ability to describe comple tely the refractive-index s tructure of the troposphere.
(3) Studies of the radar cross sections of radar angels as a function of the pulse length would also provide useful information about the nature of the refractiveindex structure .
Future advances in understanding the mechanism of electromagnetic scatteri ng by the troposphere will probably come from continued efforts along all these avenues of approach. This paper is a revised version of ar~ earlier paper [Smith, 1964] that was prepared while the author was a visiting Research Associate at McGill University. > The advice and encouragement given by R. R. Rogers and 1. S. Marshall have been most helpful. The support provided by the National Science Foundation during the author's tenure at McGill University is also gratefully acknowledged.
